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Abstract  
Bismuth nanowire arrays have been synthesized within the pores of ordered mesoporous silica templates using a supercritical 
fluid (SCF) inclusion technique.  The formation of nanowires within the mesopores was confirmed by powder X-ray diffraction 
(PXRD), N2 adsorption experiments and transmission electron microscopy (TEM).  The formation of the bismuth nanowire 
arrays occurred through the initial binding of the bismuth precursor to the inner walls of the mesoporous channels, forming 
bismuth crystal seeds, which subsequently developed into wire-like structures.  By varying the concentration of the bismuth 
precursor in the SCF pahse, the loading of bismuth nanocrystals within the mesoporous channels can be controlled.  The effect 
that temperature had on the formation of bismuth nanocrystals within the mesopores was also investigated.  The highest loading 
of bismuth nanocrystals inside the mesopores was obtained at reaction temperatures near the critical point of toluene. 
Keywords: Bismuth, nanowire arrays, mesoporous silica, template, supercritical fluid.  
 
1. Introduction 
There is currently great interest in the development of simple 
thermoelectric devices, with no moving parts, that are energy 
efficient and do not use greenhouse gases for cooling or 
heating.[1]  The efficiency of a thermoelectric device depends 
on the thermoelectric figure of merit, ZT, of the material from 






Where S is the thermoelectric power (Seebeck coefficient), σ 
is the electrical conductivity, and κ is the thermal 
conductivity.  Currently, the highest values of ZT that have 
been reported are for Bi2(1-x)Sb2xTe3(1-y) alloys, such as 
Bi0.5Sb1.5Te3, with a ZT value of approximately 1.0 at 300 K.  
However, an improvement by at least a factor of 2 is required 
for thermoelectric devices to be competitive with common 
vapor-compression technology [2, 3]  One approach for 
increasing the ZT value of materials is to reduce their 
dimensions, i.e. to form nanostructures such as quantum wells 
(2 D) or quantum wires (1 D). [3]  Bismuth, which typically 
does not exhibit a high ZT factor as a bulk material is 
predicted to show enhanced thermoelectric performance (Z1DT 
> 1) when formed as nanowires less than 10 nm in diameter 
[4, 5].  Thus, the ability to control the diameter of bismuth 
nanowires is likely to lead to high performance materials for 
thermoelectric applications.  However, owing to the relatively 
low-melting point of Bi (271.3 ºC), the high temperature 
approaches which are widely used to synthesize highly 
crystalline semiconductor nanowires (Si, Ge, GaN etc.), such 
as laser ablation, plasma-arc and chemical vapor deposition 
synthesis are inappropriate for the synthesis of bismuth 
nanowires.[6]  A low-temperature solvothermal process has 
recently been reported by many groups for synthesizing free-
standing single crystalline bismuth nanowires and nanotubes 
[6-9].  Whilst this synthesis procedure is a significant break 
through in the production of Bi nanowires, the wires obtained 
are produced as tangled meshes which require further 
processing to separate them. Also, the diameters of the 
nanowires produced were between 20-30 nm which is well 
above the diameters required to obtain a high ZT value for Bi.  
One promising technique for the production of ordered arrays 
of bismuth nanowires is their incorporation into well-defined 
architectures.  A number of groups have used anodized 
aluminium oxide (AAO) membranes as templates for forming 
bismuth nanowires using techniques such as electrochemical 
deposition [10, 11], vapor-phase techniques [12] and pressure 
injection processes [13].  Whilst the use of AAO membranes 
as templates has some application, it is difficult to obtain Bi 
nanowires which exhibit better thermoelectric properties than 
bulk state-of-the-art thermoelectric materials, as the pore 
diameter of the templates is typically larger than 10 nm. 
 
Hexagonal mesoporous silica materials with uniform pore 
diameters, between 2-30 nm have been utilized as hosts to 
accommodate semiconductors [14-16], metals [17, 18] and 
metal oxide [19] nanowires and particles for many years.  
Nanoclusters can be deposited within the mesopores using 
techniques such as incipient wetness and ion exchange[16, 18, 
20], surface modification methods [19, 21], metal–organic 
chemical vapor infiltration (CVI) and chemical vapour 
deposition (CVD).[22, 23]  However, wet impregnation and 
ion exchange methods usually result in a low dispersion yield 
of the guest material within the mesopores because the 
precursors can easily diffuse onto the outer surface of the host 
silica.[24]  Surface modification can prevent large particles 
forming on the outer surface of the host silica, but this method 
is only effectively applied to metal ions that can bind with 
silane coupling agents, such as some noble metal ions and soft 
acid metal ions, e.g. Zn2+, Cd2+ etc.  Besides, the loading is 
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limited by the amount of silane coupling agents bound to the 
surface Si-OH bonds.[25]  Additionally, using liquid 
approaches it is often difficult to obtain a high yield of 
nanocrystals within the mesopores due to pore plugging; as 
the surface tension of the liquid solvent prevents precursor 
penetration into the pores.  CVI and CVD approaches are less 
prone to pore plugging but can undergo capillary condensation 
resulting in liquid phase blocking of the pores. [26]  Also, 
long deposition times are usually required to obtain a high 
loading of nanoclusters within the pores using these gas-phase 
inclusion methods.[24]  Our laboratories have developed a 
number of supercritical fluid (SCF) solution-phase methods 
for forming metal, metal oxide and semiconductor nanowires 
within mesoporous materials with high loading levels, i.e. up 
to 90 %.[14, 15, 27-29]  The high-diffusivity, low viscosity 
and reduced surface tension of a SCF leads to substantial 
solvent penetration of the porous matrix and rapid transport of 
the precursors into the mesopores where nucleation and 
growth of the nanowire arrays readily occurs, without pore 
blocking.[27] 
 
In this paper, we describe an adaptation of a SCF inclusion 
technique to form ordered arrays of bismuth nanowires within 
mesoporous silica matrices.  The effect that temperature has 
on the formation of bismuth nanowires within the mesoporous 
channels is discussed in detail.  By controlling the reaction 
temperature around the critical point of toluene, the highest 
loading of bismuth inside the channels was obtained.  In 
addition, the mechanism of bismuth formation within the 
mesopores is also described. 
2. Experimental details 
2.1 Syntheis of mesoporous silica  
 
The synthesis of hexagonal mesoporous silica has been 
comprehensively described in previous work [30], ie. the 
hydrolysis of tetraethoxysilane (TEOS) in the presence of a 
poly(ethylene oxide)(PEO)-polypropylene oxide(PPO) 
triblock copolymer surfactant, Synperonic 
P85(PEO26PPO39PEO26) or P123(PEO20PPO69PEO20) and HCl 
(0.5 M).  In a typical synthesis, Synperonic P85 (1.0 g) was 
dissolved in TEOS (1.8 g) and added to an aqueous solution 
of HCl (1.0 g, 0.5 M).  Ethanol generated during the reaction 
was removed on a rotary evaporator at 40 ºC.  The resulting 
viscous gel was left to condense at 40 ºC for 1 week in a 
sealed flask.  Calcination of the silica was undertaken in air 
for 24 hrs at 500 ºC.  The silica matrices were degassed prior 
to inclusion using the Flow Prep 060 Degasser 
(Micrometrics).  Pure, dry N2 was passed over the heated 
mesoporous matrix at 200 ºC to remove moisture. 
 
2.2 Fabrication of Bi nanowire arrays 
 
Bismuth nanowires were synthesized within the mesoporous 
silica powder by degrading triphenylbismuth in supercritical 
or near supercritical toluene solvents.  In a typical procedure, 
mesoporous silica powders (0.1 g) and triphenylbismuth (0.5 
– 4.1 mmol) were added to a high pressure reaction cell (~21 
ml) inside a nitrogen glovebox.  The reaction cell was 
attached, via a three-way valve, to a stainless steel high 
pressure tube (~50 ml) equipped with a stainless steel piston.  
An ISCO syringe pump (Lincoln, NE) was used to pump 
carbon dioxide into the back of the piston and displace 
oxygen-free anhydrous toluene solvent into the reaction cell to 
34.5 MPa.  The reaction cell was placed into a tube furnace 
and heated to the reaction temperature between 250 to 400 ºC 
for about 2 - 12 hrs.  After the reaction, the cooled product 




Transmission electron microscopy (TEM) was performed on a 
JEOL 2000FX operating at 200 KV.  Powder X-ray diffraction 
(PXRD) data was collected on a Philips PW3710 MPD 
diffractrometer using Cu Ka1 radiation with an anode current 
of 40 mA and an accelerating voltage of 40 kV.  A 
micrometrics Gemini III 2375 surface area analyzer was used 
to collect the Brunauer-Emmett-Teller (BET) surface area and 
Barrett, Joyner and Halenda(BJH) pore size distributions.  
Fourier transform infrared (FTIR) spectroscopy was measured 
on a Bio-Rad FTS 3000 FTIR spectrophotometer. 
3. Result and Discussion 
3.1 Bismuth nanowire formation   
Figure 1 shows low angle PXRD patterns of calcined P85 
mesoporous silica before and after bismuth inclusion.  Three 
peaks can be indexed to the (100), (110) and (200) reflections 
for a hexagonal mesoporous solid consisting of well ordered 
channels.  The position of the intense (100) peak reflects a d 
spacing of 7.2 nm corresponding to a pore-to-pore distance of 
8.3 nm.  Inclusion of bismuth into the mesopores results in the 
gradual decrease in intensity of the (100) peak and loss of the 
(110) and (200) diffraction peaks as we have previously 
observed for the inclusion of silicon into silica mesopores.[14, 
15]  This loss in intensity, which results from increased 
residual strain on the silica walls upon inclusion,[31] 
increases as a function of precursor concentration and is a 
good indication that the mesopores are being filled with 
bismuth.[15, 16] 
The purity and crystallinity of the bismuth nanowires were 
confirmed by PXRD at high angles (figure 2).  The sharp 
peaks in the PXRD pattern can be indexed to a rhombohedral 
structure with a lattice constant a = 4.5288 Å, c = 11.7660 Å 
which is in good agreement with the reported PXRD data 
(JCPDS card No. 851329) and a lattice constant a = 4.5460 Å, 
c = 11.8620 Å. 
 
Figure 3 shows the infra-red spectra of calcined mesoporous 
silica before and after bismuth inclusion.  The silanol 
vibrational modes, an O-H stretch (νs(O-H)) at 3700-3200cm-1 
and Si-O bending mode (νB(Si-O)) at 955-835 cm-1, are 
present in the mesoporous silica sample before bismuth 
inclusion.  After the formation of bismuth nanowires, the 
intensity of the O-H stretching mode is greatly reduced, 
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suggesting the anchoring of bismuth nanowires to the 
mesoporous walls[32]. 
 
Figures 4 a and b display the nitrogen sorption isotherms and 
the BJH pore size distributions of calcined P85 mesoporous 
silica before and after inclusion of bismuth nanowires.  For 
comparison, the sorption isotherms and the pore size 
distributions of mixtures of mesoporous silica and bismuth 
powders are shown in figure 4(c) and (d).  All samples exhibit 
well-defined hysteresis loops of type H1, according to the 
IUPAC classification,[33] associated with capillary 
condensation and desorption in open-ended cylindrical 
mesopores.  The isotherms for the bismuth-loaded 
mesoporous samples are similar in shape to the as-synthesised 
calcined mesoporous silica sample, suggesting that 
preservation of the host structure remains after bismuth 
inclusion.[19]  For the bismuth-loaded mesoporous samples, 
the surface area and the pore volume decrease, the hysteresis 
loops shift to a smaller relative pressure and the mean pore 
diameter decreases with increasing precursor concentration.  
However, for the samples of mixed mesoporous silica and 
bismuth powders, in which there is no bismuth inside the 
channels of the silica, no shift in the hysteresis loops and no 
change in the mesopore diameters were observed with 
increasing bismuth concentration; although the surface area 
and the adsorbed volume do decrease due to the dilution of the 
parent mesoporous silica by bismuth[34].  These results 
confirmed that in our SCF preparation, bismuth can be 
incorporated inside the silica mesopore channels using 
triphenylbismuth as a precursor.  Moreover, these results also 
indicate that if the loading of bismuth inside the channels was 
calculated simply based on the reduction of pore volume,[14] 
the calculated loading would not reflect the true amount of 
bismuth inside the mesopores.  Therefore, the loading of 
bismuth inside the channels was subsequently calculated by 
the reduction in the mesopore diameter.  Table 1 shows how 
the loading of bismuth inside the mesoporous channels 
increases with increasing bismuth precursor concentration, 
indicated by a decrease in the mean pore diameter.  By 
varying the concentration of the Bi precursor in the SCF, the 
loading of bismuth nanocrystals inside the mesoporous 
channels can be controlled,up to a loading of 33 %. 
 
Figure 5 shows TEM images of hexagonal mesoporous silica 
before and after bismuth nanowire inclusion.  The bismuth 
nanowires appear as dark continuous rod-like objects inside 
the host matrix following the direction of the nanoscale 
channels.  EDX analysis carried out on the Bi-mesoporous 
silica samples shows strong Bi and Si signals.  The Bi 
nanowires formed within the mesoporous channels have 
uniform diameters, consistent with the pore diameters of the 
parent mesoporous silicas, i.e. P85 and P123 templated 
mesoporous silicas give 5 and 8 nm Bi nanocrystals 
respectively, (see figure 5 a to e).  The view perpendicular to 
the pores (figure 5 e) clearly reveals the hexagonal ordering of 
the Bi-filled mesopores, suggesting that the mesopores 
contain bismuth nanowires.  Free-standing bismuth nanowires 
after removal of the silica matrix, by a 6 M NaOH solution, is 
shown in figure 5 f.  The average diameters of those free 
standing nanowires are around 5.0 nm, which is consistent 
with the mean diameter of the mesoporous channels from 
which they were removed.  Even after removal of the silica 
template, the Bi nanowires appear to still be linked together in 
arrays, i.e adjacent nanowires are aligned side-by-side and the 
relative positions of adjacent nanowires are largely the same 
as in the mesoporous template, probably due to 
interconnecting micropores between the nanowires[35].  A 
SAED pattern of isolated Bi nanowire arrays (Figure 5(f) inset) 
gives a ring pattern that can be indexed to the (012), (110) and 
(024) planes of rhombohedral Bi, confirming the multi-
crystalline structure of the Bi nanowires.  In addition, many 
vacant pores, a well-known phenomena for mesoprous 
nanocomposites,[16, 20] were also observed, indicating that 
only a portion of mesopores can be filled.  This may be 
explained by understanding the mechanism by which the 
bismuth nanowires are formed.  In our method, the nanowires 
are formed within the silica mesopores through the initial 
binding of the precursor with the active silanol groups on the 
inner walls to form bismuth crystal seeds.  These seeds 
subsequently grow to form wire-like structure (not tube-like 
structure as our Si,Ge and Co inclusion[15, 27, 36], probably due 
to the low melting point, 270 ºC, of bismuth and poor 
wettability of liquid bismuth with the silica walls [37]) within 
the channels with increasing metal atom deposition.  
However, silanol groups also exist on the external surface of 
the silica and some bismuth crystal seeds may also be formed 
on these sites, and grow into particles without limitation.  At 
the beginning of the reaction, the high-diffusivity of the SCF 
and the larger number of silanol groups inside the mesopores 
compared to the outside surface may result in more bismuth 
forming inside the mesopores than outside.  As the reaction 
proceeds, bismuth starts to fill the pores, making it harder for 
the bismuth precursor to diffuse into the mesoporous 
channels.  Hence, the precursors may then readily decompose 
on the outer surfaces, resulting in uncompletely bismuth 
filling inside the mesopores. 
 
3.2 The effect of reaction temperature 
 
 In our experiments, using toluene as the SCF, the pyrolysis of 
triphenylbismuth to form crystalline bismuth nanowires was 
found to be temperature dependent.  Pyrolysis of 
triphenylbismuth was observed at temperatures above 250 ºC 
and the rate of decomposition was found to increase with 
increasing temperature.  The decomposition rate at 250 ºC was 
slow, even after 12 hours the precursor was not fully 
decomposed, compared to temperatures of 270 ºC and 320 ºC 
where decomposition of the precursor was completed after 12 
and 2 hours respectively.  Figure 6 displays the nitrogen 
sorption isotherms and the BJH pore size distribution of as-
calcinated P85 templated mesoporous silica reacted with 
triphenylbismuth at different temperatures.  Compared to the 
parent mesoporous silica, the shift in the hysteresis loop to 
smaller relative pressure and the decrease in the mean pore 
diameter at 320 ºC are the most obvious changes, suggesting 
the highest loading of bismuth was obtained at this 
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temperature.  This temperature dependence can be explained 
by considering the crystal growth. [38]  The effective growth of 
bismuth nanowires inside the channels of mesoporous silica 
occurs through the heterogeneous nucleation and growth of 
bismuth crystals on the inner pore walls, which depends on 
the rate at which the precursor is transported into the pores 
and the rate at which the precursor decomposes.  SCFs are an 
ideal media for the rapid and effective transport of material 
into porous structures due to their low viscosity and negligible 
surface tension[39].  Unlike gas phase techniques, such as 
CVD, SCFs can not be condensed to liquids inside the 
mesoporous channels resulting in pore blocking.  In our 
experiments, as outlined in figure 6, if the reaction 
temperature is too high, above 400 ºC, no reduction in the 
pore diameter was observed, indicating most of bismuth 
formed outside the mesoporous channels as bismuth particles.  
Under these conditions the rate of decomposition of 
triphenylbismuth is so fast that nucleation and growth occurs 
before the precursor can reach the inner surface of the 
mesoporous walls.  Hence, in our experiments, a lower 
loading of bismuth was observed at the temperature of 400 ºC 
compared to 320 ºC.  If the reaction temperature is too low, 
i.e. 270 ºC, which is below the critical point of toluene 
(Tc=319 oC, Pc=4.1 MPa), the lower diffusion rate of the 
toluene as a high pressure liquid, compare to its SCF state, 
results in significant amounts of bismuth forming on the 
outside of the mesoporous channels.  Therefore, a lower 
loading of bismuth was found inside the channels at a 
temperature of 270 ºC compared to 320 ºC. 
 
Thus, to achieve a high loading of bismuth nanowires inside 
the channels mesoporous silica, controlling the diffusion rate 
and the decomposition rate of the precursor is important.  In 
our experiments, the highest loading of bismuth nanowires 
inside the channels of mesoporous silica was obtained when 
the reaction temperature was close to the critical point of 
toluene, i.e. 320 ºC.  
4. Conclusions 
Nanowires of bismuth have been successfully prepared within 
the channels of mesoporous silica through the decomposition 
of the diphenylbismuth under SCF condition.  The amount of 
bismuth loaded inside the mesopores can be controlled by 
varying the precursor concentration.  The highest loading of 
bismuth inside the channels of the mesoporous silica was 
obtained when the reaction temperature was controlled close 
to the critical point of toluene. 
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Figure 1 Low angle PXRD patterns of as-synthesized P85 mesoporous silica before and after bismuth inclusion formed by 
degrading triphenylbismuth at 320 ºC for 2 hours.  PXRD patterns for bismuth concentration of 0.35, 1.9 and 4.1mmol, relative to 
0.1 g of mesoporous silica, are shown. 
















Figure 2 High angle PXRD pattern of Bi-filled P85 mesoporous silica formed by degrading triphenylbismuth at 320 ºC for 2 hours 
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Figure 3 FTIR spectra of P85 mesoporous silica before and after bismuth inclusion  
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Figure 4 Nitrogen sorption isotherms (a) and Pore-size distributions (b) of as-synthesized P85 mesoporous silica before and after 
bismuth inclusion at 320oC; Nitrogen sorption isotherms (c) and Pore-size distributions (d) of as-synthesized P85 mesoporous 
silica and the mechanical mixtures of bismuth and mesoporous silica powders.  
 
























































































































































Figure 5 TEM images of a) as-synthesis P85 mesoporous silica, b,c) Bi-filled P85 mesoporous silica, d,e) Bi-filled P123 
mesoporouse silica, f ) free-standing bismuth after removing the P123 silica matrices, all Bi filled mesoporous silica samples were 



























Figure 6 Nitrogen sorption isotherms and the pore-size distribution of as-synthesized mesoporous silica and Bi-filled P85 mesoporous 
silica at different temperatures. 
 
 
















































































































Bi loading inside 
the channels b 
R (%) 
0 0 691.5 0.81 55 0 
0.35 9% 418.0 0.50 54 4% 
1.9 50% 289.9 0.32 50 17% 
4.1 108% 194.0 0.19 45 33% 
 
a The theoretical loading is calculated by:  
 
(MBi: bismuth molecular weight, dBi: density of bismuth) 
 
b The bismuth loading inside the channels is calculated by:  %1002
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